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Clinical advances enable the prenatal diagnosis of genetic diseases that are candidates for gene and enzyme ther- 
apies such as messenger RNA (mRNA)-mediated protein replacement. Prenatal mRNA therapies can treat disease 


Copyright © 2021 

The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S.Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 


before the onset of irreversible pathology with high therapeutic efficacy and safety due to the small fetal size, 
immature immune system, and abundance of progenitor cells. However, the development of nonviral platforms 
for prenatal delivery is nascent. We developed a library of ionizable lipid nanoparticles (LNPs) for in utero MRNA 
delivery to mouse fetuses. We screened LNPs for luciferase mRNA delivery and identified formulations that accu- 
mulate within fetal livers, lungs, and intestines with higher efficiency and safety compared to benchmark delivery 
systems, DLin-MC3-DMA and jetPEI. We demonstrate that LNPs can deliver mRNAs to induce hepatic production 
of therapeutic secreted proteins. These LNPs may provide a platform for in utero mRNA delivery for protein 


replacement and gene editing. 


INTRODUCTION 

Advances in DNA sequencing technology and prenatal diagnostics, 
including the ability to detect cell-free fetal DNA in maternal circu- 
lation, allow for the diagnosis of many genetic diseases before birth 
(1, 2). Some of these congenital diseases are currently managed by 
protein or enzyme replacement therapies after birth and are prime 
candidates for gene replacement and/or gene editing approaches. 
Although postnatal therapy is promising for many diseases, the 
pathology of some diseases begins before birth and is irreversible, 
resulting in prenatal or perinatal death or long-term morbidity (3). 
Prenatal therapy enables treatment before the onset of, or in the 
early stages of, irreversible pathology to significantly reduce disease 
morbidity and mortality (4-7). For example, the onset of irreversible 
disease pathology in some lysosomal conditions begins before birth, 
and the congenital hematologic disease a-thalassemia can be associated 
with hemoglobin Bart’s hydrops fetalis resulting in prenatal or early 
postnatal death (3, 8, 9). Furthermore, glycogen storage diseases and 
those caused by protein deficiencies are ideal candidates for prenatal 
therapy (10-14). Delivering therapeutic nucleic acids or proteins 
before birth has additional advantages based on the normal ontogeny 
of the fetus. For example, the small fetal size allows for the adminis- 
tration of a maximal therapeutic dose per recipient weight (6). Further- 
more, target progenitor cells in multiple organs are more prevalent 
and highly accessible during gestation, and many physical barriers, 
such as the blood-brain barrier, are not as developed as they are 
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after birth (7, 15). Finally, prenatal delivery of nucleic acids may 
induce immunologic tolerance to the therapeutic protein due to the 
tolerogenic nature of the fetal immune system (16, 17). 

Protein and enzyme replacement therapy could occur via direct 
protein delivery or nucleic acid delivery (10, 12). Therapeutic pro- 
tein replacement via mRNA delivery has several potential benefits 
over delivery of other types of nucleic acids, such as DNA, and 
whole proteins. For example, unlike DNA, mRNA induces tran- 
sient protein expression in the cytosol, avoiding the need for nuclear 
entry without risk of genome integration (18). Unlike direct deliv- 
ery of proteins, the use of endogenous machinery to produce the 
therapeutic protein following mRNA delivery allows for natural 
posttranslational modifications to occur (14). However, similar to known 
delivery barriers in adults, the implementation of mRNA therapeutics 
for in utero therapy is met with several limitations including mRNA 
instability leading to rapid degradation and poor cellular uptake due 
to the negative charge of naked mRNA (19, 20). These limitations 
preclude the clinical use of nucleic acids, including mRNA, in both 
pre- and postnatal disease management, making it necessary to 
develop novel mRNA delivery technologies (21, 22). 

Common methods for therapeutic nucleic acid delivery include 
viral- and nonviral-mediated approaches (4, 5, 23, 24). Although 
viral-mediated delivery of nucleic acids for gene therapy, including 
prenatal gene therapy (4, 5, 23), holds tremendous promise, nonviral- 
mediated delivery may be a more suitable alternative (25, 26). 
Nucleic acid delivery via viral vectors presents the risk of ectopic 
vector integration, which may lead to persistent transgene expres- 
sion and deleterious consequences for some therapies including gene 
editing (25, 26). Alternatively, nonviral mRNA delivery approaches 
can enable transient nucleic acid expression without the risk of 
genome integration of the carrier vehicle (27). Thus, there is a critical 
need to develop nonviral and biocompatible nucleic acid delivery 
technologies to treat prenatal diseases. 

The use of nonviral delivery systems has only recently emerged 
as a technique to enable nucleic acid delivery to fetuses for prenatal 
therapy (15, 28). Poly(lactic-co-glycolic acid) (PLGA) nanoparticles 
(NPs) have been shown to induce gene editing in fetal hematopoietic 
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stem cells and mitigate disease in a mouse model of B-thalassemia 
(15). This important study demonstrated the potential of nonviral 
approaches for nucleic acid delivery to treat congenital diseases 
while highlighting the need to develop drug delivery technologies 
specifically for fetal delivery. 

The use of PLGA NPs for nucleic acid delivery is supported 
by several benefits afforded by the NPs including high biocompati- 
bility and biodegradability (29). Furthermore, recent studies have 
advanced techniques of polymeric NP formulation, such as micro- 
fluidic devices, which have allowed for precise control over the 
size of PLGA NPs, overcoming a previous limitation of size con- 
trol (29-33). Although PLGA and other polymeric systems hold 
promise for drug delivery to fetuses, we were interested in develop- 
ing nonviral, ionizable lipid nanoparticles (LNPs) for this applica- 
tion. LNPs offer small sizes (<100 nm) and yield high cellular 
uptake, and they have been extensively studied for nucleic acid 
delivery in adult mice (19, 34, 35). The use of ionizable lipids also 
enables endosomal escape for efficient nucleic acid delivery to the 
cytosol (36). Furthermore, LNPs offer the ability to design and eval- 
uate new ionizable polyamine-lipid structures within the LNP 
formulations to optimize platforms for specific applications such as 
fetal delivery. 

Here, we developed and screened a library of ionizable lipids 
to create LNPs that enable efficient mRNA delivery to mouse fe- 
tuses. In addition to the ionizable lipids, these LNPs contain 
phospholipids, cholesterol, and lipid anchored poly(ethylene glycol) 
(PEG) as excipients, which assist in LNP structural integrity, sta- 
bility, and intracellular mRNA delivery (35, 37, 38). Each LNP for- 
mulation was used to encapsulate mRNA and administered to 
fetuses through the vitelline vein to evaluate organ distribution and 
mRNA delivery efficiency (Fig. 1). We demonstrated that several of 
our LNPs enable functional mRNA delivery to the fetal liver. Fur- 
thermore, we identified LNP formulations that also deliver mRNA 
to the fetal lungs and intestines in addition to the fetal liver. Last, we 
demonstrate the therapeutic potential of the top LNP designs by 
using them to deliver erythropoietin (EPO) mRNA. We show that 
EPO mRNA delivery to hepatocytes in mouse fetuses results in ele- 
vated levels of EPO protein in the fetal circulation, which serves as 
a model for hepatocyte-mediated protein replacement therapy. 
Collectively, we have developed a prenatal LNP delivery plat- 
form for mRNAs that provides a foundation for future treat- 


ments including gene and enzyme replacement therapies for prena- 
tally diagnosed genetic diseases. 


RESULTS 
Characterization of the LNP library 
A library of 14 LNPs was prepared as previously described by first 
synthesizing ionizable lipids using Michael addition chemistry 
(Figs. 1 and 2A) (34). During this process, the polyamine molecules 
react with the alkyl tails to form the polyamine-lipid cores. The 
naming convention of LNP formulations throughout this paper re- 
flects both the alkyl tail length (A = C12, B = C14, and C = C16) and 
the unique polyamine core (labeled numerically 1 to 5) of the ioniz- 
able lipid component. For example, LNP A-3 is composed of the 
C12 epoxide-terminated alkyl tail reacted with the polyamine core 
labeled “3” in Fig. 2A. These ionizable lipids were then mixed with 
cholesterol, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) 
phospholipid, PEG-lipid conjugates, and mRNA via perfusion 
through microfluidic devices that are designed with herringbone 
features to induce chaotic mixing (Figs. 1, 2A, and fig. S1) (39). In 
LNPs, the ionizable lipid enables cellular uptake and endosomal 
escape such that the encapsulated mRNA is delivered to the cytosol 
(40). The excipients (DOPE, cholesterol, and PEG-lipids) were chosen 
on the basis of previous studies demonstrating that their inclusion 
yields optimal mRNA delivery in adult mice (35). Specifically, 
DOPE and cholesterol provide stability to the lipid bilayer, enhance 
mRNA encapsulation, and may assist in endosomal escape (37, 38). The 
PEG-lipids enhance overall LNP stability and extend circulation (35). 
LNPs were characterized by size, pK,, and mRNA encapsula- 
tion efficiency (Fig. 2, B and C). The hydrodynamic diameter 
[by intensity measurements using dynamic light scattering (DLS)] 
for all LNP formulations ranged from 64.6 to 135.2 nm (Fig. 2C). 
Only one LNP formulation had a polydispersity (PDI) value above 
0.3, with all others having a PDI value less than 0.3, indicating 
monodisperse LNPs. Each LNP formulation was evaluated for its 
ability to encapsulate mRNA using RiboGreen assays, and all en- 
capsulation efficiencies were high, ranging from 74 to 97.5% 
(Fig. 2C). Last, LNPs were assessed for their pKa, the pH at which 
the LNPs are 50% protonated. This reflects how pH affects their 
ability to escape acidic endosomal compartments inside cells 
(Fig. 2, B and C). pK, values < 7.0 indicate that the LNPs will become 
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Fig. 1. Overview of LNP formulation and fetal delivery for this study. First, ionizable lipid structures were prepared by Michael addition chemistry. Then, the ionizable 
lipids, PEG-lipid, DOPE phospholipid, and cholesterol were combined into an ethanol phase, and luciferase mRNA was diluted into an aqueous phase. Both phases were 
mixed at controlled flow rates in microfluidic devices. After LNP formulation, LNPs were injected to individual mouse fetuses through the vitelline vein, which directly 
delivers to sinusoids in the fetal liver. After 4 or 24 hours, fetuses and tissues were extracted for imaging and further analysis. 
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Fig. 2. Design and characterization of LNPs for fetal mRNA delivery. (A) Chemical structures of the polyamine cores (left) and epoxide terminated alkyl tails (right) that 
were combined to generate the ionizable lipids used in this study. Throughout this paper, LNPs are named for their ionizable lipid component's alkyl tail length (A = C12, 
B=(14, and C = C16) as well as their polyamine core (numbered 1 to 5). PA, polyamine. (B) Graphed analyses of LNP pK, for representative NPs A-3 and B-4. The pK, for 
each LNP was calculated by determining the pH that corresponds to normalized TNS fluorescence at 0.5. (C) LNP characterization table showing hydrodynamic diameter 


(intensity), encapsulation efficiency, and pK, for each LNP formulation. 


protonated in endosomes causing the lipids to fuse with the endo- 
somal membrane for release of mRNA into the cytosol, and pK, 
values of 6 to 7 are most commonly reported for in vivo nucleic acid 
delivery (36, 41, 42). The measured pK, values from our LNP library 
ranged from 5.57 to 7.14, indicating that many of the LNPs were 
within the desired range for nucleic acid delivery. 


LNPs enable in utero mRNA delivery 

Next, we evaluated prenatal mRNA delivery via our LNPs using 
luciferase mRNA, as this system enables direct visualization of 
transfection efficiency using an in vivo imaging system (IVIS). Thus, 
detection of luminescence indicates both LNP delivery and mRNA 
functionality. LNPs encapsulating luciferase mRNA (LNP.luc) were 
injected into gestational day (E) 16 mouse fetuses (minimum n = 3 
fetuses per LNP formulation depending on the number of fetuses in 
each dam) via the vitelline vein, and injected dams and fetuses were 
assessed by IVIS 4 hours after injection (Figs. 1 and 3A). The vitel- 
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line vein drains directly into the fetal portal circulation, so this 
model represents a midgestation umbilical vein injection in a 
human fetus. Each mouse fetus has its own gestational sac and vitel- 
line vein such that the vitelline vein injectate of one fetus does not 
cross over to additional fetuses (43). The sample size for each treat- 
ment varies because there is a range in the number of fetuses within 
the uterine horn of each dam. Thus, half of the fetuses in each dam 
were injected with an LNP formulation while the other half were 
injected with phosphate-buffered saline (PBS) as an internal negative 
control for imaging. All of the data shown in Figs. 3 and 4 represent 
only fetuses injected with LNPs and not the negative PBS-injected 
controls, none of which demonstrated any signal. 

Analysis of pregnant dams following fetal injection revealed 
strong luciferase signal localized to the fetus for several LNP formu- 
lations and no signal in any fetuses injected with PBS (Fig. 3B). In 
addition, no maternal tissues had luciferase signal, suggesting an 
absence of transplacental migration of the LNPs from fetus to dam 
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Fig. 3. LNP-mediated mRNA delivery to fetuses. (A) Schematic (left) and photograph (right) showing the vitelline vein injection in a mouse fetus. Photo credit: Andrew 
Cheng, The Children’s Hospital of Philadelphia. (B) IVIS imaging showing luciferase expression in a representative dam (left) and within the exposed uterine horn (right). 
(C) IVIS images (left) and quantification (right) of luciferase signal in fetuses following surgical removal from dams. (D) IVIS images (left) and quantification (right) of lucif- 
erase signal from livers of fetuses injected with LNPs. Each fetus was injected via the vitelline vein, extracted, and imaged by IVIS 4 hours after injection. Quantifications 
are the normalized total flux calculated by dividing the luminescence from the area of interest by the background from each individual image. The normalized total flux 
was averaged across injected fetuses. *P <0.001 by one-way analysis of variance (ANOVA) with post hoc Tukey-Kramer compared to all other treatment groups, unless 
indicated otherwise, and outliers were detected using Grubbs’ test and removed from analysis; minimum n= 3 per treatment group; error bars represent SEM. 


or other fetuses in the uterine horn. After imaging the dams, exper- 
imental and control fetuses were surgically removed to allow for 
more precise comparison of the efficiency of mRNA delivery be- 
tween different LNPs (Fig. 3C and fig. S2). The fetuses were imaged 
individually by IVIS (Fig. 3C), and the normalized luminescent sig- 
nal was subsequently quantified. For each image, a rectangular re- 
gion of interest (ROI) was placed over the fetus, and a second ROI 
of the same size was placed over an area of the image off of the fetus 
as background. The same-sized ROIs were used in every image for 
each quantified tissue, and ROIs were consistently placed over the 
same area of each fetus or tissue (fig. S3). The reported normalized 
luminescence represents the total flux from the ROI placed over the 
fetus divided by the total flux from background ROI. By quantifying 
the luminescent data in this manner, we were able to account for the 
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minor differences in background luminescence between fetuses 
treated on different days. Some LNP formulations yielded greater 
mRNA delivery compared to others, indicating that the ionizable 
lipid within the LNPs strongly dictates their ability to deliver mRNA 
to fetuses. Specifically, LNPs A-1, A-3, B-3, and B-4 yielded the 
strongest luciferase signal (Fig. 3, C and D, and fig. $2), and no 
fetuses injected with free mRNA yielded detectable luciferase signal 
at the imaging parameters used in these experiments, indicating the 
need for LNPs for efficient mRNA delivery. 


LNPs outperform benchmark lipid and polymeric delivery 
systems DLin-MC3-DMA and jetPEI 

We next aimed to compare our LNP platforms against the widely 
studied in vivo nucleic acid delivery systems, DLin-MC3-DMA 
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Fig. 4. LNP-mediated mRNA delivery to fetal intestines and lungs. (A 
(B) IVIS images (left) and quantification (right) of luciferase signal in the intestines. 
ANOVA with post hoc Tukey-Kramer compared to all other treatment groups, un 
represent SEM. 


(MC3) and jetPEI, for in utero delivery (44-47). MC3 and jetPEI 
have been evaluated for nucleic acid delivery in clinical trials, mak- 
ing their comparison to our LNPs a critical benchmark for in vivo 
mRNA delivery (45, 48, 49). Furthermore, the MC3 lipid was re- 
cently approved by the U.S. Food and Drug Administration (FDA) 
for clinical use for small interfering RNA (siRNA) delivery to treat 
polyneuropathy in patients with hereditary transthyretin-mediated 
amyloidosis (45-47). Fetuses injected with jetPEI (jetPELluc) com- 
plexes yielded only a modest increase in luminescence compared to 
free luciferase mRNA 4 hours after injection (Fig. 3C and fig. S2). 
Several of our LNP formulations were more efficient for mRNA 
delivery compared to jetPEI.luc, and our top-performing LNP 
A-3.luc demonstrated a 75-fold increase in luminescence over 
jetPEI.luc. As a second commercially available comparison, we 
incorporated the ionizable lipid MC3 into LNPs (MC3.luc) to 
directly compare in utero mRNA delivery between our ionizable 
lipids and this gold standard lipid. MC3.luc delivered mRNA to 
fetal livers, although not to the same extent as our top-performing 
LNPs A-3.luc and B-4.luc. Quantification of normalized total flux 
in the fetal livers revealed a 3.5-fold and 4-fold decrease in lumi- 
nescence compared to LNPs A-3 or B-3, respectively. Collectively, 
these results indicate that LNPs developed in this study induced 
greater in utero protein expression in fetal livers than benchmark 
lipid and polymeric delivery systems currently used for nucleic acid 
delivery. 
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Intravascular LNP injection primarily results in mRNA 
delivery to fetal livers 

Imaging of the pregnant dams and individual fetuses demonstrated 
the ability of our LNP.luc formulations to selectively deliver mRNA 
to the fetus while avoiding crossover to the dam. We next sought to 
evaluate which, if any, organs experienced preferential accumula- 
tion of any of the LNP formulations. The liver, lungs, brain, kidney, 
heart, and intestines from injected fetuses were isolated and ana- 
lyzed by IVIS 4 hours after treatment. The brightest signal was 
detected in livers from fetuses injected with LNPs (Fig. 3D and fig. 
$2). This is likely due to a first-pass effect, as the vitelline vein drains 
directly into the portal circulation and forms the hepatic sinusoids 
(43). The normalized total luminescent flux from fetal livers injected 
with the various LNP formulations correlated well with the normal- 
ized total luminescent flux from the whole fetus (Fig. 3C compared 
to Fig. 3D), indicating that the majority of the signal noted on whole 
fetal analysis resulted from LNP-mediated mRNA delivery to the 
fetal liver. 

Analyses of kidneys and hearts following delivery of any of the 
LNP.luc formulations demonstrated minimal detected luminescent 
signal at the scale range used in these studies (fig. $2). A low level of 
luminescent signal was noted in the brains of fetuses injected with a 
few LNPs, such as B-3.luc (fig. $2). In addition to demonstrating 
high levels of liver bioluminescence, fetuses injected with LNPs A-3.luc, 
B-3.luc, and B-4.luc had luminescent signal in the lungs and 
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intestines (Fig. 4 and fig. S2). Because both of these LNPs consisted of 
ionizable lipids with the C12 or C14 epoxide-terminated alkyl tails, we 
anticipate that the ability of these LNPs to deliver mRNA to the lung 
and intestines is due to the combination of similar polyamine core 
structures (polyamine core 3 is a branched form of polyamine core 4) 
in each of these formulations with these alkyl tails. However, further 
testing is needed to evaluate the specific mechanism by which these 
formulations can surpass the liver to reach the lungs and intestines. 
Last, LNP MC3.luc delivered mRNA to the liver, with minimal 
delivery to lungs and intestines, and luciferase expression induced 
by jetPEI.luc was not observed in any organs at the imaging scales 
used here (Fig. 3D and fig. S2). 


Fully saturated ionizable lipids induce maximal 

mRNA delivery 

Because the polyamine-lipid synthesis contained more than one 
level of alkyl chain substitutions (fig. S4), we evaluated the mRNA 
delivery capabilities of only the fully saturated core. To do this, we 
purified the fully saturated polyamine-lipid core by flash chroma- 
tography and used the purified material, rather than the crude 
material, to prepare the A-3 and B-4 LNP formulations (termed 
pA-3.luc and pB-4.luc, respectively). The purified products were 
confirmed to be fully saturated with the lipid epoxides by liquid 
chromatography—mass spectrometry (LC-MS) (fig. $4). 

The efficiency of luciferase mRNA delivery by LNPs pA-3.luc 
and pB-4.luc was compared to that achieved via delivery by LNPs 
A-3.luc and B-4.luc (prepared with crude material) to ensure that 
the fully saturated ionizable lipids were primarily responsible for 
mRNA delivery. Injected fetuses were imaged by IVIS after 4 and 
24 hours after injection (fig. S5). There was only a modest reduction 
in luciferase signal in the whole fetus and isolated livers following 
injection with the purified LNPs. These findings are consistent with 
previous studies and believed to be due to the polyamine cores in 
the crude mixture having a broad range of alkyl chain substitutions 
yielding higher mRNA delivery (50). However, given their clinical 
relevance and only a modest difference in mRNA delivery, LNPs 
pA-3 and pB-4 were used in the subsequent studies to induce hepatic 
protein expression. As expected, the luciferase signal was transient; 
the brightest signal was detected at 4 hours after injection with de- 
creasing levels at 24 hours after injection. Moving forward, there is 
potential to study repeated doses of LNPs, additional modifications 
to the mRNA cargo, or more permanent gene therapies, for pro- 
longed therapeutic efficacy (fig. $5). 


LNPs enable delivery of GFP mRNA and EPO mRNA 

as a model for protein replacement therapy 

We next sought to demonstrate that our LNPs are robust and have 
the ability to deliver multiple types of mRNAs to fetuses. Green flu- 
orescent protein (GFP) mRNA, which is detectable by fluorescence 
analysis techniques, was encapsulated within LNPs A-3 and B-4 
(A.3.GFP and B-4.GFP) and delivered via the vitelline vein to E16 
fetuses, and GFP expression was assessed 24 hours after injection 
via fluorescent stereomicroscopy and flow cytometry. Similar to 
luciferase expression following injection of LNPs A-3.luc and B-4.luc, 
GFP was expressed in the fetal livers (Fig. 5, A and B). Further- 
more, treatment with LNP A-3.GFP resulted in stronger GFP fluo- 
rescence in the liver at 24 hours after injection compared to treatment 
with LNP B-4.GFP as demonstrated by both fluorescence imaging 
and flow cytometry (Fig. 5, A and B). For flow cytometry, fetal livers 
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were processed into a single-cell suspension and stained for CD45, 
which is a marker for hematopoietic cells. The CD45” population 
was used to determine the population of GFP-expressing cells from 
the liver tissue, which revealed that LNPs A-3 and B-4 yielded 1.1 
and 0.17% GFP” cells in the liver, respectively. The GFP data are 
consistent with our previous work on adeno-associated virus to de- 
liver GFP mRNA to fetal livers (16). These results agree with our 
luciferase data suggesting that LNP A-3 yields higher mRNA delivery 
to fetal livers compared to LNP B-4 or PBS and that the results of the 
LNP.luc screen are translatable to the prenatal delivery of other mRNAs. 

Last, to demonstrate the therapeutic potential of our LNPs, we 
assessed prenatal delivery of human EPO mRNA in LNP pA-3 
(LNP pA-3.EPO) and LNP pB-4 (LNP pB-4.EPO). Successful liver 
delivery with LNPs pA-3.EPO or pB-4.EPO would result in hepatic 
production of EPO protein, which is then secreted into the circula- 
tion. This model is relevant to a number of enzyme deficiency 
disorders, such as the lysosomal storage diseases, which cause irre- 
versible damage before birth and for which hepatic production and 
secretion of the deficient enzyme is being pursued as a viable thera- 
py (3). LNP pA-3.EPO and pB-4.EPO were injected through the 
vitelline vein into E16 fetuses at two different doses (5 ul = 190 ng 
EPO mRNA or 20 ul = 760 ng EPO mRNA), and fetal livers were 
assessed by enzyme-linked immunosorbent assays (ELISAs) for hu- 
man EPO protein at 4 and 24 hours after injection (Fig. 5C). Mouse 
fetuses injected with PBS as a control revealed that human EPO 
is not present or detected in the fetal livers at baseline (Fig. 5C). 
Therefore, the presence of EPO indicates successful LNP and 
mRNA delivery to fetal livers. There was a clear dose-dependent 
response in EPO production following treatment with LNPs at both 
time points. This is exemplified by the fivefold higher EPO expres- 
sion at 4 hours in fetuses injected with the higher volume of pA-3. 
EPO compared with those injected with the lower volume (Fig. 5C). 
Furthermore, fetal livers collected 24 hours after injection had low- 
er EPO content compared to those collected 4 hours after injection, 
similar to our results with luciferase mRNA delivery. Last, LNP 
pA-3.EPO yielded twofold higher EPO content than LNP B-4.EPO 
4 hours after injection. These results strongly agree with our lucifer- 
ase and GFP expression data, confirming that these LNP platforms 
are robust and have the ability to deliver several types of mRNA, 
including those that model protein replacement therapies to treat 
prenatal disease. 


LNPs are safe for nucleic acid delivery to fetuses and do not 
induce fetal loss 

Survival and toxicity were assessed at E19 following LNP injection 
at E16 to remove the variables of poor parenting and pup death re- 
lated to the natural birthing process. As such, injected fetuses were 
delivered by cesarean section and assessed for gross appearance, 
presence of spontaneous movements, and visible precordial palpa- 
tions (heartbeat) to assess for survival at E19 (Fig. 6A and fig. S6A). 
Balb/c fetuses injected with either LNP pA-3.luc or pB-4.luc had 
>90% survival, which was comparable to control fetuses injected 
with PBS. Alternatively, fetuses injected with LNP MC3.luc had a 
survival rate of 72.4%. These results suggest that survival from in 
utero delivery of our LNPs (LNP pA-3.luc and pB-4.luc) is no 
different from that associated with the procedural related toxicity in 
the mouse model. Furthermore, our results suggest that LNP MC3. 
luc may be more toxic to fetuses compared to our LNPs, although 
the difference in survival between each treatment group was not 
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Fig. 5. LNPs deliver GFP mRNA and EPO mRNA in utero. (A) GFP expression in fetal livers 24 hours after injection with LNPs A-3.GFP or B-4.GFP, or PBS. Scale bars, 
150 wm (75x) and 750 um (16x). eGFP, enhanced GFP. (B) The same fetal livers in (A) were processed into single-cell suspensions and analyzed using flow cytometry to 
record the percentage of CD45" and GFP* cells. Dot plots show one liver sample per treatment group to demonstrate the gating and quantification. (C) EPO content in 
fetal livers (left) at 4 hours (left) or 24 hours (right) after injection of LNPs pA-3.EPO or pB-4.EPO, or PBS. EPO concentrations were averaged across three fetuses per treat- 
ment group and analyzed by two-way ANOVA comparing mean EPO concentration among treatment groups; *P < 0.02 and **P < 0.001; error bars represent SEM. 


statistically significant. We also evaluated survival following LNP 
injection in C57BL/6 fetuses to directly compare LNP toxicity in 
different strains of mice. All C57BL/6 treatment groups had 100% 
survival, indicating that prenatal delivery of our LNPs does not re- 
sult in loss of viability in C57BL/6 mice, and there is minimal differ- 
ence in survival between C57BL/6 and Balb/c strains (fig. S6A). 


LNP injections result in minimal fetal immunotoxicity or 
liver damage 

Given the high efficiency of liver accumulation of our LNPs, we 
next sought to determine whether prenatal LNP delivery resulted in 
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liver toxicity or activation of an inflammatory response in the fetus 
or dam. First, we sought to demonstrate that the mRNA used in this 
study is not independently immunogenic. We transfected human 
dendritic cells with luciferase mRNA or EPO mRNA and evaluated 
interferon-o (IFN-a) expression levels in the culture media after 
24 hours. Following treatment, there was no increase in IFN-a levels, 
indicating that the mRNA itself is not immunogenic (fig. $7). 

Fetal liver toxicity following LNP injection was assessed by 
quantifying the liver enzymes alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) from fetal liver tissue at E19. There 
was a minor increase in AST levels from all LNP- and PBS-injected 


7 of 15 


€ZOT ‘TZ YouR| UO S1O‘sOUBTOS' MM M//:sdyYy Wo papeojuMog 


SCIENCE ADVANCES | RESEARCH ARTICLE 


Fetal toxicity analysis 


A B - AST ALT 
100 300 ° 88 : 
c= Ur ke 5 
at 75 As | T @e J Ds 60 
25 gant te: gs | sm et 
€® 50 g¢2 ltd .- 22 40 + F of 
oo =o | 7) . =a ws . i 
o> iy |e © e e 
5S 25 = => 1005 ES op. * ¢§ 
a § a 52 
a z -- Zz 
0 ——— i 
A-3 B-4 MC3 PBS Sy ee OE 2 7 8 1 
t8 82 fa 8 82 
C= 
E 8007 mnt : : 
‘> 600 | [ 
> PBs 
= 400+ maz 7 
2 100) mB-4 
8 [= MC3 
@ 75 
a4 
Ke) 
Zz 50 | ; 
oO | . Ts 
& 25-5 I + I 
2 li di i ie vl Li 
- ress e any OY eooryrgerea ey 
zy ts % 5 2 2a ea ea Yao seryasks Q 
zt2e!2@eea a4 G ad seu 
a Nn A = S 
yy Cytokine 
D S Ss Dam toxicity analysis 
5 80- AST | 560 aad 
— oa é ao es e 
kK + 
gp 60+ es 4 : ~- 540 J . F 
+ . ! 800 ~ 
Oo | L oO * PBS 
aaa e € i ea 750 4 WA-3 = 
a 20 eee 
® 20- ° © = =o Hi 
oa a 700 ~ mMc3 
2 ae & 400 7 
oO O37 8 om Ee Oo mon ; 
a i om 2 & om 2 ° 
E =O 70 =a § 300 - * 
oO | 
= C3 a C4 @ e 
oo £ 800  £ 300- & 200> 5 
ge - $3. 2 
= — 600 = i, ee ai 
Se . Se201f teh FO 1 
£ Oo e € 9 e 
G = 400 —3 &% T 0- 
a+ +e) F a $100 ° Ss © © QO + © 8 24 
E 5 20074 4 3 y= oo .« Fees ae a 
8 rs) e:. ij; = = S§ = a a = 
g ot 85 ot as 
S) 27 2 ji 
<aQa <a Qo Cytokine 


Fig. 6. Evaluation of fetal survival and toxicity following LNP injections. (A) Percent survival of fetuses injected at E16 and surgically delivered at E19. Survival was 
determined immediately following extraction. Error bars represent SD from three dams following injection to every fetus in each dam. (B) Liver enzyme analysis from fetal 
liver tissue collected at E19 following injection at E16. Measured AST or ALT units were normalized by dividing by protein concentration from fetal liver tissue. (C) Cytokine 
analysis from fetal livers collected immediately following surgical delivery at E19. *P< 0.0001 by two-way ANOVA compared to each treatment group for each cytokine; 
n=5 fetuses per treatment group. (D) Liver enzyme analysis, (E) complement system activation, and (F) cytokine analysis from plasma collected from dams at E19 before 
surgical delivery of the injected fetuses. The following cytokines were out of range of the instrument and is therefore not shown: IFN-y, IL-10, IL-12 (p40), IL-12 (p70), IL-1b, 
IL-2, IL-4, tumor necrosis factor-a (TNFa), and vascular endothelial growth factor (VEGF); n=3 dams per treatment group. *P < 0.02 and **P< 0.0001 by two-way ANOVA 


compared to each treatment group for each cytokine; n=3 dams per treatment group. Error bars in (B) to (F) represent SEM with outliers detected by Grubbs’ test and 
removed from analysis. 


mice compared to untreated controls that was not statistically without inducing enzyme release-associated toxicity at the time 


significant. However, AST levels following injection with our LNPs 
pA-3.luc and pB-4.luc were comparable to mice treated with either 
MC.3.luc or PBS. This indicates that the injection procedure itself 
may affect AST levels. There were no significant changes in ALT or 
AST levels from fetal livers treated with our LNPs or controls, indi- 
cating that our LNPs enable nucleic acid delivery to fetal livers 
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points evaluated here (Fig. 6B). 

We next evaluated the induction of an inflammatory response to 
LNPs pA-3.luc and pB-4.luc, and MC3.luc to further elucidate their safety 
for fetal therapy. We assessed cytokine production from E19 livers of 
Balb/c fetuses that had been injected with LNPs pA-3.luc and pB-4.luc, 
MC3.luc, or PBS (Fig. 6C). Most cytokine levels were not significantly 
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different in LNP-treated fetuses compared to untreated or PBS- 
treated control fetuses. No cytokines were elevated in response to 
LNP pA-3.luc, our top-performing LNP for mRNA delivery. Two 
chemokines, KC (keratinocytes-derived chemokine) (also termed 
IL8/CXCL1) and macrophage inflammatory protein 2 (MIP-2) (also 
termed CXCL2), were elevated in fetal livers in response to LNP 
pB-4.luc. These two chemokines are potent neutrophil attractants and 
play a role in inflammation, wound healing, angiogenesis, and other 
biological processes (51). To evaluate any mouse strain-specific cyto- 
kine response to the LNPs, we conducted a similar analysis on E19 
fetal livers harvested from C57BL/6 mice injected with LNPs pA-3.luc, 
pB-4.luc, MC3.luc, or PBS. This analysis did not reveal an increase in 
KC and MIP-2 levels similar to that found in Balb/c mice (fig. S6B). 
Rather, treatment with our LNPs in C57BL/6 mice resulted in de- 
creased MIP-2 expression and increased MIG (monokine induced 
by gamma) and vascular endothelial growth factor (VEGF) levels 
compared to PBS injections (fig. S6B). These differences between 
Balb/c and C57BL/6 mice may be partly due to the fact that they 
develop different T cell-mediated immune responses (52). 


Lack of maternal toxicity following in utero LNP delivery 
Any fetal intervention involves two patients, the fetus and the 
mother, that could be potentially affected by the treatment (53). 
Thus, we also evaluated the toxicity of prenatal LNP delivery on the 
pregnant dams. No maternal deaths (both Balb/c and C57BL/6 
dams) were noted following in utero LNP delivery throughout all of 
the experiments. There were no differences in ALT and AST levels 
between Balb/c dams whose fetuses were injected with LNPs pA-3.luc, 
pB-4.luc, MC3.luc, or PBS (Fig. 6D), suggesting that in utero LNP 
delivery did not result in maternal liver toxicity. Maternal Balb/c 
plasma was also assessed for C3 and C4 levels to assess complement 
activation in the mothers of fetuses undergoing in utero LNP 
or PBS injection, and no significant differences were noted between 
experimental and control mice (Fig. 6E). Last, analysis of cytokine 
levels from plasma collected from Balb/c dams at E19 revealed few 
significant changes between those injected with LNPs or PBS, and 
the majority of cytokines tested were below the assay’s detection 
level (Fig. 6F). Of note, KC and interleukin-6 (IL-6) were signifi- 
cantly up-regulated in serum of dams with fetuses injected with 
LNP MC3.luc compared to other treatment groups (Fig. 6F). These 
results demonstrate that our LNPs do not induce liver damage, an 
inflammatory response, or activation of the complement system in 
the dams of injected fetuses. 


DISCUSSION 

Because of recent expansions in carrier screening, as well as advances 
in chromosomal microarray analysis and whole-exome sequencing, 
a large number of clinically relevant monogenic diseases can be 
diagnosed prenatally (54). Among these are hemoglobinopathies 
(a- and B-thalassemia and sickle cell anemia), enzyme deficiencies 
(urea cycle disorders and glycogen storage diseases), and protein 
deficiencies (cystic fibrosis and o-1 antitrypsin) (10-14). Though 
there are more than 100 postnatal enzyme and protein replacement 
therapies, these are limited by cost, adverse effects including hyper- 
sensitivity and immune response, limitations in reaching the de- 
sired organs, and an inability to reverse or rescue already damaged 
tissue (55, 56). Gene therapy, specifically mRNA therapeutics, 
has recently gained traction as a method of inducing protein or 
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enzyme expression in vivo, with multiple studies demonstrating a 
longer-term expression of the substrates compared to conventional 
replacement therapy (57, 58). However, research involving prenatal 
mRNA delivery is in a nascent stage of development. 

Fetal gene therapy has multiple advantages compared to postna- 
tal therapy including a larger population of progenitor cells that can 
be treated and expanded, reduced immunogenicity due to the 
immature fetal immune system, and, most importantly, the ability 
to deliver therapeutics early or before the onset of phenotypic 
abnormalities (6, 7, 15). Furthermore, prenatal therapy can enable 
maximization of injected dosage per weight to reduce therapy and 
manufacturing costs, as a human fetus at 16 weeks’ gestation weighs 
approximately 100 g, compared to 4000 g at birth. This translates to 
a 40-fold lower required dosage compared to postnatal therapy 
when administered at 16 weeks’ gestation. Now, prenatal interven- 
tions are diagnostic or limited to the treatment of specific diseases 
such as twin-twin transfusion syndrome (59), congenital diaphrag- 
matic hernia (60), and myelomeningocele (61). Furthermore, in 
utero hematopoietic stem cell transplantation has recently entered 
clinical trials for o-thalassemia major (NCT02986698), demon- 
strating precedence and need for advanced prenatal therapeutics. 
Thus, LNP-mediated delivery of nucleic acids has the potential to 
benefit the numerous fetal diseases that can be treated following 
prenatal diagnosis. 

Toward this goal, we developed and evaluated a library of 
LNP formulations for fetal nucleic acid delivery. Developing 
nanomaterials specifically for a particular application, such as 
fetal delivery, is critical because small changes in LNP chemistry, 
such as using different ionizable lipids, can greatly affect their 
ability to accumulate within the desired tissues and deliver the 
encapsulated mRNA (14). There have been minimal studies con- 
ducted that evaluate NP delivery platforms for fetuses, although 
LNPs have been extensively studied in adult mice (34-36). Previ- 
ous work for fetal nucleic acid delivery has focused on PLGA NPs 
to deliver peptide nucleic acids, which are triplex-forming DNA 
analogs that induce endogenous DNA repair (15, 62). This crit- 
ical prior study used PLGA NPs to successfully treat a mouse 
model of B-thalassemia. In this study, our focus revolved around 
the investigation of ionizable lipid structures within LNPs specifi- 
cally for nucleic acid delivery to fetuses, and future work will evalu- 
ate our top ionizable lipid structures within LNPs to treat specific 
disease models. 

Lipid-based materials, such as those developed here, enable a 
substantial amount of compositional flexibility. For example, the 
polyamine cores are easily interchangeable with epoxides of differ- 
ent lengths to develop diverse libraries of materials (Fig. 2). Fur- 
thermore, the excipients used to make LNPs, as well as the molar 
ratios, enable additional design flexibility to LNP composition, all 
of which affect delivery and transfection. For example, 1,2-distearoyl- 
sn-glycero-3-phosphocholine (DSPC), rather than DOPE, has also 
been used as the phospholipid excipient in LNP formulations for 
mRNA or siRNA delivery to adult mice (35, 40, 42). In this work, we 
designed ionizable lipids to evaluate how polyamine-lipid core 
materials affect prenatal delivery, but future work in LNP develop- 
ment for fetal diseases may explore how various excipient composi- 
tions can be tailored for specific nucleic acid cargos such as siRNA 
or gene editing technologies. 

Prior studies using LNP delivery systems have shown high safety profiles 
and transfection efficiency in livers of adult mice, demonstrating 
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biocompatibility and therapeutic applicability, particularly com- 
pared to cationic lipid nanocarriers (34, 35, 44). Because of these 
prior studies, we anticipated that ionizable LNPs could be devel- 
oped for nucleic acid delivery to fetuses to enable prenatal therapy 
without the use of viral delivery mechanisms (11). Furthermore, we 
anticipated that our LNPs would yield better safety profiles, leading 
to lower toxicity compared to cationic lipid and polymer carriers 
such as DLin-MC3-DMA and jetPEI, which have been used in clin- 
ical trials to treat adult disease (44, 48). The library of LNPs devel- 
oped and tested here provides several ionizable lipid materials 
that can be used for delivery to fetal livers, lungs, and intestines. 
Hepatic delivery was anticipated following the route of administration 
via the vitelline vein, as this vein directly leads to the liver sinusoids 
(43). We found several polyamines, structures 3 and 4, that yielded 
the highest transfection efficiency when complexed into LNPs 
(Figs. 2 to 4). These two high-performing polyamines have the most 
structural similarities out of the five distinct structures tested, as 
polyamine 3 is a branched version of polyamine 4 with the same 
number of amines and oxygen groups. From our results, we can 
conclude that the chemical composition of these cores is critical for 
fetal delivery of mRNA, and the branched polyamine yields stronger 
mRNA delivery compared to the linear version. 

A notable finding was that our lead ionizable LNPs outper- 
formed both jetPEI and LNPs composed of the DLin-MC3-DMA 
lipid in terms of mRNA delivery and safety. Our top ionizable LNP 
yielded a 45- and 3.5-fold increase of normalized luminescence 
in the liver compared to jetPELluc complexes and LNP MC3.luc, 
respectively. Luminescence in fetuses injected with jetPEI.luc was 
both qualitatively and quantitatively similar to our lowest-performing 
LNPs. The high survival rates from injections with our LNPs (>90%) 
are comparable to ours and others’ previous work with vitelline 
vein injections (5, 63, 64). The reduction in survival (although not 
statistically significant) of LNP MC3.luc compared to our LNPs may 
indicate increased toxicity of MC3.luc. Because the survival rates 
following injection with LNPs A-3.luc, B-4.luc, or PBS are similar, 
this loss in viability from MC3.luc can likely be attributed to toxic- 
ity of the LNP itself or to the technical challenges of prenatal intra- 
vascular injections in the mouse model. The ability of our top LNPs 
to outperform the commercially available and FDA-approved DLin- 
MC3-DMaA lipid for mRNA delivery to fetuses is a key aspect of the 
innovation in this work. 

Furthermore, we demonstrated that our LNPs can deliver a 
range of mRNAs, including GFP and EPO mRNA. We chose to de- 
liver EPO mRNA prenatally in our top LNP formulations because it 
is commercially available, it is extensively tested, and the protein 
produced from the delivered mRNA is easily quantified through 
commercially available assays. Furthermore, EPO represents a 
potentially therapeutic and disease-relevant mRNA. For example, 
fetal anemia is a serious condition that can arise from multiple 
etiologies including alloimmunization, infection, genetic disorders 
such as lysosomal storage diseases and inherited anemias, and other 
structural abnormalities (fetal/placental tumors, vascular malfor- 
mations, etc.) (65, 66). In its most severe form, repeated fetal blood 
transfusions are required to prevent in utero demise or neonatal 
morbidity and mortality. LNP delivery of EPO mRNA to stimulate 
endogenous red blood cell (RBC) production may provide an alter- 
native treatment to multiple invasive fetal blood transfusions for 
select fetal anemias, including those of infectious etiology. Toward 
this goal, exogenous EPO protein delivery has been shown to treat 
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fetal anemia resulting in either the elimination or significant reduc- 
tion in the need for blood transfusions in a sheep model of extra- 
uterine support of fetal/premature lambs (67). The levels of EPO 
protein production seen in the fetal liver in our studies 24 hours 
after LNP-EPO mRNA delivery were ~65% (LNP A-3) to 145% 
(LNP B-4) of the levels in the serum of lambs before the onset of 
anemia and ~515% (LNP A-3) to 1130% (LNP B-4) of the levels in 
the serum of lambs at the time of anemia, suggesting that therapeutic 
levels of EPO production could be provided by LNP-EPO mRNA 
delivery. 

Furthermore, by delivering mRNA, one can capitalize on the natural 
posttranslational protein modifications that occur, and the persistence 
of the therapeutic effect may be enhanced to minimize the need for 
repeated fetal interventions (i.e., repeat transfusions or protein ad- 
ministration). Last, EPO mRNA also serves as a proof of concept for 
the potential of LNP-mediated mRNA delivery for other congenital 
diseases. For example, MPS VII (Mucopolysaccharidosis type VII), 
or Sly syndrome, results from a deficiency of B-glucuronidase and is 
a leading genetic cause of fetal hydrops and fetal demise. When pa- 
tients with MPS VII do survive to birth, they often have multiorgan 
dysfunction including cardiac, pulmonary, skeletal, and neurode- 
velopmental abnormalities. A recent study demonstrated the potential 
to rescue the disease phenotype in the mouse model of MPS VII via 
in utero enzyme replacement therapy with recombinant human 
B-glucuronidase (rhGUS). In utero enzyme replacement was shown 
to have advantages over postnatal enzyme replacement (68). In utero 
LNP delivery of the BGUS mRNA may serve an alternative approach 
that capitalizes on the advantages of endogenous protein production 
detailed above. 

The high survival rates and, in general, similar cytokine produc- 
tion profiles, liver enzyme, and complement levels between experi- 
mental and control animals suggest that there is minimal maternal 
or fetal toxicity associated with in utero LNP injections and mRNA 
delivery. However, our data revealed that LNP B-4.luc may initiate 
an immune response in Balb/c fetuses as indicated by increased KC 
and MIP-2 levels. However, the elevation in KC and MIP-2 produc- 
tion was strain specific and not seen in C57BL/6 fetuses. KC and 
MIP-2 are cytokines activated in response to injury, stress, and in- 
flammation (69). One potential explanation for the increase in KC 
and MIP-2 in LNP B-4.luc-injected Balb/c fetuses is the persistence 
of this LNP in the fetal tissue longer than other LNP formulations. 
This hypothesis and a more robust analysis of the effect of different 
ionizable lipid structures and mouse strains on the inflammatory 
response of LNP-injected fetuses are the subject of future studies. 

We found several LNPs that were able to deliver mRNA to the 
lungs and intestines at the doses injected in these experiments, albe- 
it at low transfection efficiencies, in addition to the fetal liver. We 
expect that this trait is due to the chemical structures of LNPs A-3.luc, 
B-3.luc, and B-4.luc as these contained the C12 or C14 epoxide- 
terminated alkyl tails with the two top-performing polyamines 3 or 
4. The LNPs prepared with the C16 epoxides and these polyamine 
cores yielded minimal luciferase signal in any organs aside from the 
liver, demonstrating that the epoxide size may be a critical compo- 
nent for delivery to other fetal organs. These data demonstrate that 
the polyamine-lipid core structure and the lipid epoxide length are 
important for enabling mRNA delivery to these organs, although 
the level of mRNA delivery seen here may not yield therapeutic 
benefits in a disease model. Because of efficient liver delivery and 
low overall level of delivery to other tissues, we only conducted 
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toxicity experiments on the liver. Moving forward, these LNPs will 
be further optimized to enable increased nucleic acid delivery to 
treat fetal diseases that originate in the lungs and intestines, at 
which time extensive toxicity analyses on the tissues of interest will 
be critical. However, it is important to note that other ionizable 
LNPs have been evaluated for safety in adult mice, in nonhuman 
primates, and in clinical trials in humans, which have demonstrated 
low toxicity overall (70-72). Therefore, it is reasonable to anticipate 
that future studies will yield high safety to other tissues, as well as 
the liver, which was the tissue of interest in the present study. 

The experiments conducted here used a single in utero injection 
due to the short murine gestation of 20 days. Our overarching goal 
was to screen LNP formulations prepared from ionizable lipid 
materials, so we chose shorter end points that covered the course 
of gestation postinjection (at E16) to birth to assess luciferase activ- 
ity as well as pup survival and toxicity associated with our LNPs. 
When translated to large animal models or humans with longer ges- 
tations, multiple injections would be feasible to increase the amount 
and/or duration of expression of delivered nucleic acids and their 
resultant therapeutic efficacy. In these larger models and humans, 
injections would be performed without the need for a laparotomy 
but, instead, via an ultrasound-guided approach as is currently 
performed for amniocentesis or a cord blood transfusion, both of 
which are relatively noninvasive and regularly performed in the 
clinic. For example, fetuses with hemoglobin Bart’s hydrops fetalis 
associated with a-thalassemia have safely undergone multiple 
ultrasound-guided cord blood transfusions before birth (8, 73). Thus, 
future studies in large animal models should determine the efficacy 
and toxicity of repeat dosing. Furthermore, treatment protocols 
after birth would need to be considered given the transient nature 
of the LNP-mRNA therapy. These postnatal treatments would be 
highly disease specific and dependent on the mRNA being prenatal- 
ly delivered. In utero delivery of LNP-mRNAs to replace a deficient 
protein or enhance endogenous protein expression may be ade- 
quate without additional postnatal treatments for disease states in 
which the offending agent is no longer present after birth, as is the 
case with some fetal anemias. Alternatively, if LNPs are used to de- 
liver mRNA to replace a deficient enzyme associated with a genetic 
disease, then continued postnatal treatments would be necessary 
unless LNPs are used to correct the underlying genetic mutation. 

In conclusion, we have developed and screened LNP platforms 
for nucleic acid delivery that could ultimately be used to treat mono- 
genic fetal diseases that do not currently have sufficient therapeutic 
options in the prenatal setting. These LNPs yielded higher hepatic 
delivery and transfection efficiency with advantageous safety profiles 
compared to the commercially available delivery agents DLin-MC3- 
DMA and jetPEI, which are considered benchmarks for in vivo nucleic 
acid delivery. Although much work has been done evaluating the 
therapeutic potential of LNPs after birth, little work, to our knowl- 
edge, has been done assessing the ability to use ionizable LNPs before 
birth. Moving forward, we will use this platform to deliver disease- 
specific, therapeutic nucleic acids in animal models of human dis- 
eases as a therapeutic approach for congenital disorders. 


MATERIALS AND METHODS 

Polyamine-lipid synthesis and purification 

The ionizable lipid cores were prepared via Michael addition chem- 
istry as previously described (34). Briefly, the polyamine cores 
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(purchased from Enamine Inc., Monmouth Junction, NJ) were 
combined with excess moles of lipid epoxide needed to saturate the 
amines in 4-ml amber vials with a magnetic stir bar. The lipid epox- 
ides used in this study were epoxydodecane (C12), epoxytetradec- 
ane (C14), or epoxyhexadecane (C16) (Sigma-Aldrich, St. Louis, 
MO). The vial was sealed and the reaction was mixed for 2 days at 
80°C. The crude reaction mixture was dried using a Rotovap R-300 
(Buchi, New Castle, DE), and the crude reactions were used for 
screening the library with luciferase mRNA. The A-3 and B-4 reac- 
tion mixtures were further characterized by LC-MS. The resultant 
fractions from the reaction were separated using a CombiFlash 
NextGen 300+ (Teledyne ISCO, Lincoln, NE) against a gradient of 
100% methanol to 100% of a solution composed of 75% dichloro- 
methane, 22% methanol, and 3% ammonium hydroxide over 55 min. 
Each peak was collected and dried, and the molecular weight of the 
fully saturated product was confirmed by LC-MS. This purified 
product was used to deliver human EPO mRNA. 


Formulation of LNPs 

The ionizable polyamine-lipid cores, prepared as described above, 
or DLin-MC3-DMA (MedChem Express, Monmouth Junction, NJ) 
were combined into an ethanol phase with cholesterol (Sigma- 
Aldrich), DOPE (Avanti, Alabaster, AL), and 1,2-dimyristoyl-sn- 
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 
(ammonium salt) (C14-PEG2000, Avanti) at molar ratios of 
35:46.5:16:2.5, respectively, in a total volume of 112.5 ul. A separate 
aqueous phase was prepared consisting of 25 ug of luciferase 
(TriLink BioTechnologies, San Diego, CA) or EPO (TriLink Bio- 
Technologies) mRNA and 10 mM citrate buffer (pH 3) in a total 
volume of 337.5 ul. All mRNA was N1-methyl-pseudo-U-capped 
with CleanCap technology offered by TriLink BioTechnologies. 
The ethanol and aqueous phases were combined through channels 
in a microfluidic device using a syringe pump as previously described 
(39). NPs were dialyzed against PBS for 2 hours before sterile filtra- 
tion through syringe filters with 0.2-11m pores and stored at 4°C. JetPEI 
(Polyplus Transfection, New York, NY)-mRNA complexes were 
prepared according to manufacturer protocols with N/P = 7. All 
materials were prepared and handled ribonuclease-free throughout 
the synthesis, formulation, and characterization steps. 


Nanoparticle characterization 

For DLS and zeta potential measurements, 10 pl of each NP solu- 
tion was combined with 1 ml of 1x PBS in 4-ml disposable cuvettes 
(for DLS) or zeta cuvettes (for zeta potential). Samples were run on 
a Zetasizer Nano (Malvern Instruments, Malvern, UK), and the 
reported measurements are averages + SD from three runs. Surface 
ionization measurements to calculate the pK, of each NP formula- 
tion were conducted as previously described (36). Aliquots of a 
buffered solution containing 150 mM sodium chloride, 20 mM 
sodium phosphate, 20 mM ammonium acetate, and 25 mM ammo- 
nium citrate were each adjusted to pH 2 to 12 in 0.5 increments. 
Two hundred microliters of each pH-adjusted solution was com- 
bined with 5 pl of each NP formulation in black 96-well plates in 
triplicate. TNS [6-(p-toluidinyl) naphthalene-2-sulfonic acid] was 
added to each well for a final TNS concentration of 6 uM, and the 
fluorescence intensity was read on an Infinite 200 Pro plate reader 
(Tecan, Morrisville, NC) (excitation, 322 nm; emission, 431 nm). 
The fluorescence intensity versus pH was plotted, and the pK, was 
calculated to be the pH that corresponded to 50% protonation. 


11 of 15 


€ZOT ‘TZ YouR UO SIO‘s0UBTOS' MM M//:sdyY WoT papeojuMog 


SCIENCE ADVANCES | RESEARCH ARTICLE 


Encapsulation efficiencies were calculated using Quant-iT RiboGreen 
(Thermo Fisher Scientific, Waltham, MA) assays as previously 
described (74). Two microcentrifuge tubes with 350 ul of each NP 
solution were aliquoted, and 1% v/v Triton X-100 (Sigma-Aldrich) 
was added to one of the tubes. After 10 min, NPs (with and without 
Triton X-100) and RNA standards were plated in triplicate in black 
96-well plates and the fluorescent RiboGreen reagent was added per 
manufacturer instructions. Fluorescence intensity was read on the 
plate reader (excitation, 490 nm; emission, 520 nm). To quantify 
encapsulation efficiency, background signal was subtracted from 
each well and triplicate wells were averaged. RNA content was 
quantified by comparing samples to the standard curve. Encapsula- 
tion efficiency was calculated according to the equation BoA x 100, 
where A is the RNA content before treatment with Triton X-100 and 
Bis the RNA content from samples treated with Triton X-100. 


Animal experiments 

All animal use was in accordance with the guidelines and approval 
from the Children’s Hospital of Philadelphia’s (CHOP) Institution 
of Animal Care and Use Committee. Balb/c mice were mated in our 
breeding colony (originally purchased from the Jackson Laboratory, 
Bar Harbor, ME) and maintained in the Laboratory Animal Facility 
of the Colket Translational Research Building at CHOP. Females of 
breeding age were paired with males and separated at 24 hours to 
achieve time-dated pregnant dams. 


In vivo studies 

Fetuses of time-dated pregnant Balb/c dams were injected at E16 as 
previously described (75). Briefly, under isoflurane anesthesia, a 
midline laparotomy was performed to expose the uterine horns. A 
dissecting microscope was used to identify the vitelline vein of each 
fetus, and a total volume of 5 ul (38.4 ng/ul mRNA) of the NP for- 
mulation was injected using an 80-t1m beveled glass micropipette 
and an automated microinjector (Narishige IM-400 Electric Micro- 
injector, Narishige International USA Inc., Amityville, NY). After 
successful injection, confirmed by visualizing clearance of the blood 
in the vein by the injectate, the uterus was returned to the peritoneal 
cavity and the abdomen was closed with a single layer of absorbable 
4-0 polyglactin 910 suture. 


Luciferase imaging 

Mice were imaged either 4 or 24 hours after injection with NPs. 
Luciferase imaging was conducted on an IVIS (PerkinElmer, Waltham, 
MA). Ten minutes before imaging, dams were injected intraperito- 
neally with p-luciferin (150 mg/kg) and potassium salt (Biotium, 
Fremont, CA). Anesthetized mice were then placed supine into the 
IVIS, and luminescence signal was detected with a 60-s exposure 
time. Next, a midline laparotomy was performed to expose the uter- 
ine horns, and luciferase imaging was repeated. Dams were then 
sacrificed, and the fetuses were surgically extracted and placed in 1x 
PBS on ice. Fetuses were individually imaged by IVIS with 60-s 
exposure times. After imaging, the fetuses were dissected, and the 
liver, intestines, kidneys, heart, lungs, and brain were imaged by 
IVIS. Image analysis was conducted in the Living Image software 
(PerkinElmer). To quantify luminescent flux, a rectangular ROI 
was placed over each fetus or organ of interest, and an ROI of the 
same size was placed in an area without any luminescent signal in 
the same image. Normalized flux was calculated by dividing the 
total flux from the ROI over the fetus by the total flux from the 
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background ROI. The representative IVIS images shown represent 
those images with quantified normalized luminescence in close 
proximity to the average value calculated for each LNP formulation. 


GFP analysis 

Mice were treated with LNP A-3 or B-4 with encapsulated GFP 
mRNA as described above. Fetuses were extracted after 24 hours 
and livers were collected for imaging and flow cytometry. For GFP 
imaging experiments, individual fetal livers were imaged using a 
fluorescent stereoscopic microscope (MZ716FA, Leica, Heerburg, 
Switzerland). Flow cytometry was used to quantify the percentage 
of cells in the liver that were GFP* following treatment. To do this, 
freshly dissected livers were immediately transferred to a dish con- 
taining ice-cold PBS, manually homogenized to create a single-cell 
suspension, and resuspended in FACS (fluorescence-activated cell 
sorting) staining buffer (1x PBS, 0.5% bovine serum albumin, and 
0.2 mM EDTA, prepared in-house). After lysis of RBCs with ACK 
Lysing Buffer (Lonza Bioscience, Basel, Switzerland), liver cells 
were stained with anti-CD45 APC (e-Bioscience Inc., San Diego, 
CA) for 30 min, washed three times, and resuspended in FACS buf- 
fer before running on a FACSAria flow cytometer (BD Biosciences, 
San Jose, CA). Gating was conducted to exclude CD45* lymphohe- 
matopoietic cells. Age-matched untreated mice served as a negative 
control for GFP* gate placement to determine the percentage of 
positive cells in livers from fetuses treated with LNPs. 


Fetal survival and protein extraction 

LNPs A-3, B-4, or DLin-MC3-DMA, PBS, or LPS/CpG (lipopolysaccharide/ 
CG oligonucleotide) were injected into E16 fetuses via the vitelline 
vein. All of the fetuses in each dam (n = 3 dams) were injected. On 
E19, blood from the dams was collected retro-orbitally into blood 
collection tubes and centrifuged (10,000g, 10 min, 4°C), and plasma 
was harvested for cytokine analysis, liver enzymes, and complement 
activation. Next, fetuses were surgically removed to avoid any vari- 
ability from the natural birthing process and poor parenting, and the 
pups were immediately evaluated for survival. Survival was assessed 
by observation of gross appearance, size, spontaneous movement, 
and a visible heartbeat. After assessing survival, pup livers were col- 
lected from a minimum of five injected fetuses for cytokine analysis 
and ALT/AST analysis (see below). The remaining injected fetuses 
were housed with foster female mice that had given birth to pups no 
more than 1 day before fostering. 

Dam plasma and fetal livers were snap-frozen in dry ice and 
stored at —80°C until use. Frozen livers were cut on dry ice, and 
pieces were weighed using a Mettler-Toledo scale, thawed in 5 ml/g 
of tissue M-PER lysis buffer (Thermo Fisher Scientific) with cOm- 
plete protease inhibitor cocktail (Roche, Basel, Switzerland), and 
immediately disrupted using the TissueLyzer II (Qiagen Inc., 
Germantown, MD) system with 5-mm steel beads (Qiagen Inc.) under 
30-Hz frequency for 60 s; the homogenization process was repeated 
twice. Homogenized tissues were placed on ice for 30 min to allow 
complete lysis. Samples were centrifuged (2200g, 30 min, 4°C) and 
the supernatant was collected into new tubes. Total protein content 
in each sample was determined using the microBCA protein assay 
kit (Thermo Fisher Scientific) per manufacturer instructions. 


Analysis of mRNA and LNP immunogenicity 
Monocyte-derived human dendritic cells were used to evaluate the 
immunogenicity of mRNA without LNP carriers. Dendritic cells 


12 of 15 


€ZOT ‘TZ YOUR UO S1O‘s0UNTOS' MM M//:sdyYy Wo papeojuMog 


SCIENCE ADVANCES | RESEARCH ARTICLE 


were plated at 200,000 cells per well. Luciferase or ERO mRNA was 
complexed with TransIT-mRNA transfection reagent (Mirus Bio, 
Madison, WI) and added to hMD-DCs at 0.3 wg per well. The 
supernatant was collected 24 hours after transfection and evaluated 
for human IFN-o by an ELISA (Mabtech, 3425-1H-20, Cincinnati, 
OH) per manufacturer instructions. 

For cytokine analysis in vivo, prepared fetal liver lysates and dam 
plasma samples were assessed for cytokine levels 3 days after LNP 
or PBS (control) injection using a 20-proinflammatory cytokine 
panel using Luminex technology. Plates were developed using the 
Milliplex assay builder (MilliporeSigma, Burlington, MA) and sub- 
jected to the manufacturer’s quality control. Individual plates were 
used to analyze dam plasma samples or fetal livers. A standard 
curve for each plate was prepared by serially diluting the Milliplex 
Pro Mouse Cytokine Standard 20-Plex in the standard diluent 
(1:4 to 1:65,536). Plasma samples were diluted 1:20, and fetal liver 
samples were diluted 1:2 using the sample diluent, and 30 ul was 
transferred to the assay plates with prefilled capture antibodies. 
Each sample was plated in duplicate with five biological replicates 
per treatment group. The assay plates were incubated under orbital 
shaking (800 rpm) for 30 min and washed twice before the addition 
of biotinylated detection antibodies. Plates were incubated 
for 30 min (800 rpm), washed, and revealed with streptavidin- 
phycoerythrin for 10 min (800 rpm). Multiplex plates were run on 
the Bioplex 2200 system with a minimum of 50 beads analyzed per 
region. Each cytokine was assessed using a five-parameter regression 
algorithm (5-PL), with samples from LPS/GPC-injected mice as the 
positive control. Liver cytokine data were normalized to the protein 
concentration in the sample as determined by the microBCA assay. 


Liver toxicity and complement system analysis 

For liver toxicity studies, plasma samples from dams or fetal liver 
lysates were assessed for AST and ALT liver enzyme levels using 
AST or ALT colorimetric activity assay kits, respectively (Cayman 
Chemical, Ann Arbor, MI, USA) according to manufacturer rec- 
ommendations at 3 days after LNP or PBS injection. Of note, be- 
cause of the small fetal size and limited fetal serum availability, fetal 
cytokine production and fetal liver enzymes were assessed in fetal 
liver lysates rather than serum. Thus, fetal AST/ALT data were nor- 
malized to the protein concentration in the sample as determined 
by the microBCA assay. Complement system activation from plas- 
ma collected from the dams was assessed using Immunotag Mouse 
C3 (complement C3) and Immunotag Mouse C4 (complement C4) 
ELISA kits (G-Biosciences, St. Louis, MO, USA) per manufacturer 
instructions. We were unable to assess complement system activa- 
tion directly from fetal plasma due to the low volume of blood pres- 
ent in fetuses at this gestational age. 


Quantification of EPO production 

The ionizable lipids used in LNP formulations A-3 and B-4 were 
purified as described above. LNPs were prepared with human EPO 
mRNA (TriLink BioTechnologies) and injected into E16 fetuses via 
the vitelline vein. Fetal livers were harvested at 4 and 24 hours after 
injection and kept on ice during processing. Livers were rinsed 
three times with 1x PBS to remove excess blood and were then ho- 
mogenized in 5 ml of 1x PBS using 15-ml tissue grinders (Thermo 
Fisher Scientific). Lysates were brought through two repeated over- 
night freeze-thaw cycles to break up cell membranes. After the 
final thaw, processed liver samples were centrifuged (5 min, 5000g) 
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and the supernatant was collected for analysis. EPO content in the 
supernatant was quantified by ELISA using the Human Erythropoietin 
Quantikine IVD ELISA Kit (R&D Systems, Minneapolis, MN) per 
manufacturer recommendations. Data shown are average and SEM 
of EPO concentrations from at least three fetuses injected in each 
experimental group. 


Statistical analysis 

All luciferase quantifications represent the mean and SEM of the 
normalized luminescence signal acquired from at least three fetuses 
per treatment group depending on the number of fetuses in each 
dam (Figs. 3 and 4, minimum n = 3). The means were compared by 
one-way analysis of variance (ANOVA) with post hoc Tukey-Kramer. 
The mean EPO concentrations (Fig. 5) were compared by two-way 
ANOVA across both injection volume and LNP formulation, and 
error bars are SEM. Liver enzyme, complement activation, and 
cytokine analysis data represent mean and SEM, and statistical 
analysis was done using two-way ANOVA with post hoc Tukey- 
Kramer (Fig. 6). Outliers were detected using Grubbs’ test and were 
removed from analysis. 


SUPPLEMENTARY MATERIALS 


Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ 
content/full/7/3/eaba1028/DC1 


View/request a protocol for this paper from Bio-protocol. 
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